We fabricate two phenanthrenequinone-doped copolymers which can improve the holographic recording characteristics of phenanthrenequinone-doped poly(methyl-methacrylate) (PQ/PMMA) photopolymer. In these materials, the polymer matrix of PQ/PMMA is modified to be copolymers, which composed of either poly(methyl-methacrylate-co -trimethylolpropane-triacrylate) or poly(methyl-methacrylate-co-acrylic acid 2-phenoxyethyl ester), respectively. With the chemical analyses of these materials before and after light exposure, we investigate the physical mechanism of the holographic recording in those copolymer samples. In addition, the holographic characteristics of different samples, including dynamic range and sensitivity, have been measured. These experimental results demonstrate that modification of the monomers is an efficient method to improve the material properties.
INTRODUCTION
Holographic dada storage has been considered as a promising information storage technology because of its distinct page oriented data format for parallel data recording/retrieval. [1] It is known that to achieve high storage density, thousands of data pages are multiplexed in one spatial location of a storage volume by using Bragg selectivity of thick hologram. [2] Thus, a recording material of several-millimeter thick and with high photoinduced refractive index change is necessary. Recently, a few start-up companies, such as InPhase and Aprilis, have commercialized photopolymer materials for write-once holographic recording due to their success in developing materials with low shrinkage effect during holographic exposure. [3] [4] It is crucial because otherwise the material shrinkage would induce dimensional distortion on the recorded grating and lead to a mismatch of Bragg condition for volume holograms such that the recorded information can not be retrieved completely [5] . To minimize the shrinkage effect, we have developed a technique for fabricating phenanthrenequinone-doped poly(methyl methacrylate) (PQ/PMMA) photopolymer of centimeter thick and with satisfactory optical quality [6] [7] [8] . Holographic experiments using these PQ:PMMA samples showed that the shrinkage coefficient of material is less than 10 -5 , such that our samples are especially attractive for the holographic data storage. [6] Our strategy for alleviating the shrinkage problem is to use a two-step pre-polymerization technique to fabricate the material. In this technique, most of the MMA molecules are thermally polymerized using thermo-initiator, 2,2-Azo-bis-isobutyrolnitrile (AIBN), to form a PMMA polymer matrix and only a few percentages of un-reacted MMA monomer are left. The polymerization of monomers is used to form a strong polymer matrix for supporting material structure and provide high optical quality of the medium. On the other hand, the photosensitive element, PQ molecules are also added in liquid MMA monomer during material preparation. The photosensitizers together with residual monomers are dispersed uniformly in the polymer matrix, and they provide a mechanism to produce photochemical reaction when illuminated by the light exposure during holographic recording. Thus, the material is able to record phase holograms, whereas the basic photopolymer structure will not be affected by holographic recording such that the material shrinkage can be minimized.
One of drawbacks in our PQ:PMMA photopolymer is low recording sensitivity and small dynamic range of recording, because the concentrations of elements involved with photo-recording are limited. To further improve the material, investigations on the physical mechanism of holographic recording have been made. [9] [10] [11] The detail chemical analyses of PQ:PMMA material show that under light illumination, photon excites the quinone double bond on the carbonyl functional group of PQ molecule to make it becomes radical. The radical then reacts with the carbonic double bond on the vinyl group on the MMA molecule to form a new compound, which is less conjugated than the original molecular structure such that the refractive index of the material changes, and the refractive index pattern follows light intensity pattern during holographic recording. This message could be used to enhance combination ability of monomer molecules with PQ radicals. It may be achieved by increasing the number of vinyl functional groups on the monomer and/or changing the side functional group of the vinyl group on the monomer. In this paper, we chose two monomers, Trimethylolpropane Triacrylate (TMPTA) and Acrylic Acid 2-Phenoxyethyl Ester (PEA) to be added with MMA. The former (TPMPTA) has three vinyl groups and the later (PEA) has an additional benzene side functional group. Figure 1 shows their chemical formula. Our experiments show that these two monomers could not form a hard polymer matrix without use of MMA monomer. Thus, we have fabricated two kinds of co-polymer samples with 8:2 weight-ratio of MMA and the new monomer, one at a time. In the following, we first describe the fabrication of these two photopolymer materials. The holographic recording characteristics, such as dynamic range and sensitivity, of different samples are then presented. The results show that an improvement of PQ:PMMA can be achieved as additional monomer has been added.
MATERIAL FABRICATION AND ANALYSES

Sample fabrications
To make 2-mm thick sample, 19.7 wt. % of liquid PEA or TMPTA monomer were mixed with 78.8 wt. % of liquid MMA monomer, respectively. Then, up to 0.7 wt. % of photo-sensitizer, PQ molecule and 1 wt. % of thermal initiator, 2,2-Azo-bis-isobutyrolnitrile (AIBN) molecule were dissolved in mixture solutions. The resulting solutions were placed in an ultrasonic water bath at 30 o C for 1 hr until all components were dissolved completely. The solution was continuously stirred at 30 o C for an appropriate period of time until it reached a suitable state of relative viscosity. Table  I lists the stirred time of different mixtures. For comparison, the solution with 0.7 wt% of PQ and pure MMA monomer was also prepared by the same procedures. It should be noted that the PQ concentration listed in the Table 1 represents the saturated concentration of PQ molecule in each solution. As illustrated in Table I , the solution mixture with additional monomer TMPTA needs a shortest stirring period to reach designated viscosity. It indicates that with more vinyl groups, the sample has faster polymerization rate. On other hands, we anticipate that the addition of TMPTA can help to increase the glass temperature of final polymer matrix. After stirring, the viscous solutions were poured into the glass container with a 2-mm thick spacer. The samples were then baked at 45 o C for 72 hr until most of monomers were polymerized. They were removed from containers and formed bulk samples. Hereafter, the samples of PQ doped in polymer system of PMMA, copolymer system of Poly(TMPTA and MMA), and copolymer system of Poly(PEA and MMA) are named as PQ/PMMA, PQ/PTMPTA-co-PMMA, and PQ/PPEA-co-PMMA photopolymers, respectively. Trimethylolpropane Triacrylate (TMPTA)
Acrylic Acid 2-Phenoxyethyl Ester(PEA) 
Chemical Analyses 2.2.1 Thermal gravimetric analysis (TGA):
We first confirm the existence of residual monomers in all of three photopolymers, which is a key requirement for holographic recording with these materials. This is done by performing thermal gravimetric analysis (TGA) of material. Since the molecular sizes of monomer and polymer matrix are dramatically different, their thermal de-composition temperatures are different. Thus, the ratio of the residual monomer in photopolymers can be determined by observing the dynamics of weight loss as temperature of material is increased. We designed a two-step heating procedure in use of DuPont Thermal Gravimetric Analyzer (model: TGA-Q500). In the first step, the temperature of material was increased with a rate of 2 o C/min until it reached the glass transition point of the sample, and the temperature was held for 800 min. The glass transition point of each sample was measured to be at 110 o C for PQ/PPEA-co-PMMA photopolymer and at 127 o C for PQ/PMMA and PQ/PTMPTA-co-PMMA photopolymers, respectively. At these temperatures, the polymer matrix has not reached to thermal decomposition point, but the bonding becomes loose such that the monomer molecules can be evaporated from the bulk sample to cause a weight loss of material. Thus, the ratio of the weight loss at this stage is related to the ratio of the residual monomer in each photopolymer sample. In the second step, the temperature was increased to 800 o C at a rate of 10 o C/min. Since the thermal decomposition temperature of our polymer material is lower than 800 o C, we anticipate a two-stage weight loss dynamic. This behavior is induced by degradation of small molecules and/or polymer matrix phenomenon during material heating. The experimental results for three different samples are shown in Fig. 2(a) . It is seen that all three samples show a thermally induced weight change in two stages. In the first stage that occurs at temperatures below thermal decomposition temperature of polymer matrix, the weight decreases with a lower rate and the weight loss is about 8%. In the second stage that occurs at higher temperatures, the weight of material decreases with larger rate for the rest of 92% weight. We can consider the weight decrease in low temperature regime be attributed to the thermally induced loss of monomer, PQ and oligomers, which all are small molecules. The weight decrease in high temperature regime can be attributed to the loss of polymer. It implies that in three samples about 92% of monomer molecules are polymerized to form polymer matrix (during pre-thermo-polymerization) and less than 8% of molecules remain to be the residual monomer.
To know the details of weight loss in the first heating step ratio, we can enlarge the vertical axis in Fig. 2(a) , as shown in Fig. 2(b) . For comparison, the TGA of pure PQ molecule has been included and is shown by the symbol ▽ . It can be seen that for three photopolymers only ~2% of weight of the material has been lost in the initial stage. This weight loss is not induced by sublimation of PQ molecules because it will not occur until at ~155 o C, as indicated by the drastic weight loss of pure PQ shown in the figure. On the other hand, for all samples, the weight remains a constant until it decreases when the temperature rises to above 155 o C. We anticipate that occurrence of this second weight loss is attributed to the sublimation of PQ and oligomers. Thus, we summarize that the weight ratio of residual monomer in all of our photopolymer samples is about ~ 2% and the PQ molecules together with oligomers contribute the rest weight loss of 6 % in the first stage of weight loss process during thermal gravimetric analysis. These ~2% in weight of residual monomers together with the PQ molecules could be responsible for holographic recording. 
Mass spectra measurement (Mass):
Next, it is necessary to know the species of residual monomers in three samples and the photoproduct after exposure. This information provides important information to understand the physical mechanism of holographic recording. An intuitive method is to investigate composition of material before and after light illumination. For this purpose, measurement of the mass spectral of different samples before and after light exposure is a useful method, because these spectra provides information about the changes of molecular weight distribution of the compounds in material, which can reveal occurrence of new compound produced by light exposure. In experiments, since our photopolymers were sensitive to green light, light exposure was produced by illuminating the samples with a 514-nm argon laser beam until the samples became transparent. Figure 3 shows the mass spectra of three samples. As illustrated in Fig. 3(a) , a new characteristic peak signal occurs at 308 of molecular weight for the PQ/PMMA samples after exposure, which does not appear for the unexposed sample. Since the molecular weights of PQ and MMA are 208 and 100, respectively, the existence of peak signal at 308 gives evidence that the photoproduct is one MMA molecule attached to one PQ molecule in our PQ/MMA samples. This result is the same as our previous work shown in Ref. [10] . Figure 3 (b) shows the measurement result for PQ/ PTMPTA-co-PMMA sample. It can be seen that a new peak at 308 of molecular weight also appears in the exposed sample. This indicates that the photo-chemical reaction in PQ/PTMPTA-co-PMMA sample is same as that in PQ/PMMA sample. Further, we can not find any peak that appears at around 296, which is the molecular weight of TMPTA molecule. This observation reveals that only one species of residual monomer, MMA, appears in PQ/PTMPTA-co-PMMA sample. From Fig. 3(c) , it can be found that two new groups of peaks appear at neighboring ranges of 308 and 400 in the exposed PQ/PPEA-co-PMMA sample. Since the molecular weights of PQ and PEA are 208 and 192, respectively, the result indicates photo-induced attachments in the exposed PQ/PPEA-co-PMMA sample include one PQ molecule-to-one residual MMA and one PQ molecule-to-one 40  60  80  100  120  140  160  180  200  220  240  260  280  300  320  340  360  380  400  420  440  460  480 PEA monomer. Furthermore, in the spectrum of before-exposed sample there are two peaks appearing at 100 and 192 of molecular weight. This indicates that two kinds of residual monomers, MMA and PEA exist in the PQ/PPEA-co-PMMA sample.
In summary, figure 3 shows an important characteristic of light exposure for all three samples, i.e. a new compound with a molecular weight equals to one PQ plus one residual monomer has been formed. It indicates that the photoproduct is produced by attachment of one PQ molecule to one residual monomer molecule. Hence, we can confirm that the physical mechanism of holographic recording in three samples does not involve photochemical reaction of polymer matrix. Thus the photo-chemically induced shrinkage effect can be minimized. This is most important characteristic of these materials.
EXPERIMENTAL CHARACTERIZATIONS
Holographic recording in three samples
To demonstrate the ability of hologram recording in our photopolymer samples, we have recorded a plane-wave hologram in each sample by using S-polarized beams derived from an argon laser with wavelength of 514 nm. The laser with intensity of 60 mW/cm 2 was collimated and split into two beams. Two beams were incident into the samples symmetrically with an intersection angle of 30 o outside the sample. After a series of experiments of different recording angle, we found that the samples have wide spatial frequency response. The recording angle is not critical to affect the holographic performance of material. During the recording a hologram, the diffraction efficiency, which is defined as the ratio of the intensity of the diffracted beam to intensity of summation of diffracted and transmitted beams, was measured in real-time by use of a weak 632.8-nm He-Ne-laser beam at the Bragg-matched angle. The experimental results are shown in Fig. 4 . Diffraction efficiency for the different samples is plotted as a function of exposure energy. The diffraction efficiency of hologram recorded in PQ /PMMA sample is indicated by curve with symbol ■. It is seen that the diffraction efficiency first reaches a maximum at the exposure energy of 2.5 J/cm 2 and then it begins to drop with further exposure. When the diffraction signal started to decrease from the maximum, it was observed that the transmitted beams become blurred and distorted. This phenomenon arises because of the formation of fanning noise gratings. The noise gratings come from the scattering of the recording light into the dark region of interference pattern during holographic recording.
Copolymer samples, PQ/PTMPTA-co-PMMA and PQ/PPEA-co-PMMA exhibit similar temporal behaviors of diffraction efficiency, as indicated in Fig. 4 by the symbols ○ and △ , respectively. It is seen that the rising slope of diffraction efficiency in the early regime of holographic recording (< 2 J/cm 2 ) is different for three samples. PQ/PPEA-co-PMMA sample has the largest one, which indicates that this sample has the fastest holographic recording speed. On the other hand, the rising slope for PQ/PMMA is the smallest. Thus, addition of the second species of monomer into PQ/PMMA photopolymer could be a useful method to improve holographic recording sensitivity.
Characteristics of holographic data storage
Two important criterions for evaluating a data storage technique are storage density and data recording rate. These two parameters are basically determined by the holographic recording performance of the material. Firstly, the storage density is determined by how many holograms can be multiplexed and recorded at one location of the material. Since each of these holograms shares the refractive index change of this spot, the larger values of total value of refractive index change means the higher storage density. The total refractive index changes of material and is usually defined as M/# of recording material. [12] Secondly, data recording rate is determined by how fast one hologram data page can be recorded into medium. In physics, it can be defined as the sensitivity of material. High sensitive material enables holographic recording using low power lasers with short exposure time. In experiments, these two parameters can be obtained by performing a multiple-plane-wave-hologram recording at single spot in material. By using multiplexing technique, a series of holograms were recorded at one location until the material was exhausted. After each recording, the diffraction efficiency of each hologram was measured. From the couple wave theory of volume hologram, the refractive index change of a weak hologram is proportional to the square root of the diffraction efficiency produced by this hologram. Hence, the summation of the square roots of the diffraction efficiency of each hologram forms a running curve of the cumulative refractive index change of material as a function of cumulative exposure energy, viz
η , where E is the cumulative exposure energy and n is the total number of holograms that have been recorded. When the material got exhausted, no more holograms can be recorded and thus C tends to be saturated, and its saturation value is equal to the M/#. On the other hand, we define material sensitivity as change of the cumulative refractive index change divided by the corresponding exposure energy of that hologram, viz
For all three samples, we have recorded 175 plane-wave holograms on a spot of the material with a peristrophic multiplexing system [13] , in which each hologram was recorded with equal exposure energy 0.6 J/cm 2 . The running curves for different samples are shown in Fig. 5 . If we perform a curve fitting
then the M# (i.e. M#=C sat ) and a characteristic energy constant E τ of the material are obtained. From these results, sensitivity can be evaluated. Without loss of generality, we consider the recording sensitivity of a fresh sample. During this stage, the cumulative exposure energy is small, thus the exponential function C(E) can be linearized and the material sensitivity S can be found to be By curve fitting plots in Fig.5 , the material M#, E τ and S of materials for the three samples are estimated and summarized in Table 2 . It can be seen in the table that the M/# of PQ:PPEA-co-PMMA is 4.11, which is 1.4 times larger than that of PQ:PMMA (M#~2.87). On the other hand, the M/# of PQ:PTMPTA-co-PMMA is slightly smaller than that of PQ:PMMA. However, the characteristic energy constant, E τ of PQ/PTMPTA-co-PMMA and PQ/PPEA-co-PMMA are 6.88 and 7.75 J/cm 2 , respectively. Both are slightly smaller than that of PQ/PMMA (E τ ~9.3 J/cm2). As a result, the sensitivity of the former two samples has been improved, as shown in last column in Table 2 . The results confirm our idea that by adding the second species of monomer to form copolymer structure, holographic recording characteristics of PQ:PMMA photopolymer can be improved. We can anticipate that the material might be further improved as appropriate monomer has been chosen.
CONCLUSIONS
We have fabricated three different PQ doped photopolymer samples and performed their chemical analyses. The TGA analyses indicate that they all have ~2 wt% residual monomers after thermo-polymerization. The mass spectra measurements of the three samples before and after light exposure indicate that light exposure on the samples will induce a photochemical reaction between one PQ molecule and one residual monomer molecule. Thus, the physical mechanism of holographic recording in these samples follows our design strategy that the polymer matrix will not be affected in the light exposure process. As a result, photo-chemically-shrinkage effect in our samples can be anticipated to be minimized. In addition, the holographic recording characteristics of these samples have been measured. The results show that both the M/# and the exposure sensitivity have been improved by introducing the second monomer into PQ/PMMA samples to form copolymer structure. Table 2 . The E τ , M# and sensitivity of three different samples.
